The husk surrounding the ear of Zea mays has widely spaced veins with a number of interveinal 1 mesophyll (M) cells and has been described as operating a partial C 3 photosynthetic pathway in 2 contrast to its leaves, which use the C 4 photosynthetic pathway. Here we characterized 3 photosynthesis in maize husk and leaf, by measuring combined gas exchange and carbon isotope 4 discrimination, the O 2 dependence of the CO 2 compensation point, and photosynthetic enzyme 5 activity and localisation together with anatomy. The CO 2 assimilation rate in the husk was less 6 than that in the leaves and did not saturate at high CO 2 , indicating CO 2 diffusion limitations. 7
Introduction 20
Maize leaf utilises CO 2 to make sugars using the C 4 photosynthetic pathway in which carbon 22 assimilation is essentially split into two distinct cycles within the leaf. The partitioning of these 23 two cycles is facilitated by two specialised photosynthetic cell types within the leaf. The bundle 24 sheath (BS) cells, which are clustered around vascular bundles (VB) and are surrounded by 25 mesophyll (M) cells forming a wreath-like formation known as Kranz anatomy (Dengler and 26 Nelson, 1999) . Initially in the C 4 cycle, CO 2 is fixed by phosphoenol-pyruvate carboxylase (PEPC) 27 in M cells which leads to the formation of the C 4 dicarboxylic acids malate and aspartate. These 28 acids then diffuse to BS cells via plasmodesmata where they are decarboxylated. The released CO 2 29 is subsequently fixed by Rubisco in the C 3 cycle (Edwards and Walker, 1983; Hatch, 1987) . This 30 cellular partitioning of the two cycles enables Rubisco to operate in a CO 2 -rich environment, 31 limiting photorespiration and maximizing photosynthetic CO 2 assimilation. 32 33 C 4 photosynthesis is suggested to have more than 50 independent evolutionary origins (Sage, 34 2004; Muhaidat et al., 2007) . Biochemical and structural diversity within different C 4 pathways 35 include variation in the primary decarboxylating enzyme, the position of chloroplasts in BS cells, 36 the degree of M and BS chloroplast granal development, and the size, number and structure of BS 37 mitochondria (Edwards and Voznesenskaya, 2011) . Maize is a well-studied monocot example of 38 the NADP-malic enzyme (NADP-ME) biochemical C 4 sub-type, characterised anatomically by the 39 absence of a mestome sheath, centrifugal position of organelles in chlorenchymatous BS, grana-40 deficient chloroplasts in BS cells and chloroplasts with well-developed grana in M cells (Gutierrez 41 et al., 1974) . 42
43
A feature considered essential in C 4 photosynthesis for maintaining efficient transport of C 4 acids 44 from M to BS cells is high vein density or fewer cells between VB (Sage, 2004; McKown and 45 Dengler, 2007) . Typically there are very few M cells between adjacent BS cells in most C 4 46 grasses including maize (Hattersley and Watson, 1975; Dengler et al., 1994) . However in maize, 47 the photosynthetically active husk that covers the ear exhibits a very low vein density, similar to 48 C 3 plants, with up to 20 M cells between VB (Langdale et al., 1988) . A study by Langdale et al 49 (1988) looking at in situ localization of C 3 and C 4 enzymes in maize husk hypothesised that M 50 cells distant from the VB were in fact performing C 3 photosynthesis. They identified Rubisco 51 mRNA transcripts present throughout husk M cells and also observed a slight oxygen dependence 52 on the CO 2 assimilation rate, a feature typically absent in C 4 plants. Further evidence for this 53 theory was reported by Yakir et al. (1991) who measured the natural abundance of carbon isotopes( 13 C and 12 C) in maize husk and leaf dry matter, calculating that there was significant C 3 fixation 55 of CO 2 in the husk contributing to the production of husk cellulose (16%). 56
A later study used real-time PCR analysis of photosynthetic enzyme transcripts including Rubisco, 57 PEPC, NADP-malic enzyme (NADP-ME) and pyruvate phosphate dikinase (PPDK), in maize 58 leaves and husk which again showed Rubisco transcripts in husk M cells distant from the BS 59 clusters surrounding the VB (Hahnen et al., 2003) . Results from these studies have contributed to 60 the theory that vein spacing influences the pattern and degree of photosynthetic gene expression 61
and that the accumulation of C 4 enzymes is regulated locally around individual veins. 62
63
Presently, an international focus on engineering new C 4 crop plants from existing C 3 plants to 64 supply future food demand has led to a considerable interest in understanding the evolutionary 65 path from C 3 to C 4 photosynthesis (Sheehy et al., 2007; Westhoff and Gowik, 2010) . This 66 understanding is crucial to deciding which structural and genetic features of photosynthesis must 67 be adapted or developed to make a C 4 plant and those that are common to both systems. Using 68 maize as a model of possible coexistence of C 3 and C 4 photosynthetic tissues, the aim of this study 69 was to compare the form of photosynthesis carried out in maize husk with that in leaves using the 70 standard physiological, anatomical and biochemical techniques employed to distinguish between 71 C 3 and C 4 photosynthesis. Here we present the first detailed gas exchange perspective of husk 72 photosynthesis including measurements of compensation points and carbon isotope 73 discriminations and link it to anatomical features, photosynthetic enzyme activities, and 74 immunolocalisation of Rubisco, PEPC and glycine decarboxylase (GDC). 75
Results 77 observed in the husk M cell area and VB area respectively in comparison with the leaf (Table 1) . 112
The values of S m and S b were considerably less in the husk compared to the leaf (by 65%) 113 indicating a potential for limitations to CO 2 diffusion. 114
115
In-situ immunolocalisation of photosynthetic enzymes 116
Immunolocalisation of Rubisco, PEPC and glycine decarboxylase in the leaf and husk was 117 performed using the immuno-gold technique in combination with both confocal microscopy ( Fig.  118 2) and transmission electron microscopy (TEM) (Fig. 3) . Using confocal microscopy, Rubisco was 119 clearly labelled in BS chloroplasts of SWC leaf ( Fig. 2A) while PEPC was found primarily in M 120 cells (Fig 2B) . Occasional bright labelling was also observed in the epidermis due to the antibody 121 binding non-specifically to epidermal cell walls (Voznesenskaya et al., 2001 ). In the husk, 122 immuno-labelling of Rubisco (Fig. 2C ) was largely confined to the few chloroplasts of the BS 123 cells, and while some labelling for PEPC was apparent in the cytoplasm of M cells, there was 124 substantial non-specific labelling of cell walls (Fig. 2D) . 125
126
Observation of leaf anatomy using TEM confirmed strict selective labelling for Rubisco in BS 127 chloroplasts (Fig. 3A, B ) and for PEPC in the cytosol of M cells (Fig. 3G, H) . Statistical analysis 128 of the number of gold particles per µm 2 showed that the amounts of labelling for Rubisco in M 129 cells ( Fig 3C) and for PEPC in BS ( Fig 3I) were comparable to background levels. In the husk, 130
TEM analysis of Rubisco labelling showed a different level of expression with distance from the 131 veins ( Fig. 3D, E ). Quantification of labelling ( Fig 3F) shows the highest labelling in BS 132 chloroplasts and less in both the adjacent M (40% of BS) and distant M cells, with similar 133 labelling in M2 and M3 cells (60% of BS). The density of labelling for PEPC was highest in M 134 cells adjacent to BS while the labelling in BS and distant M2 cells was not significantly different 135 from background levels ( Fig. 3J-L) . Quantification of mitochondrial glycine decarboxylase 136 (GDC) labelling in the leaf (Fig. 3M-O ) supports selective labelling confined to the BS 137 mitochondria, and lower density of labelling in the M cells. In the husk (Fig 3P-S) the highest 138 density occurred in BS mitochondria, with a lower density in M cell mitochondria adjacent to BS 139
and an increase in labelling in mitochondria of distant M cells. 140
141
Chlorophyll content and in vitro activity of PEPC and Rubisco 142
Chlorophyll content and the activity of Rubisco and PEPC were measured on extracts from the leaf 143 and husk discs from B73 and SWC on which gas exchange measurements had been made. The 144 husk in both B73 and SWC contained much less chlorophyll than the leaf (Table 2) . PEPC activity 145 expressed on an area basis was significantly reduced in the husk, ~10 fold and 5 fold less than thatin the leaf in B73 and SWC respectively (Table 2) . Rubisco activity (expressed on an area basis) 147 in the husk was only half that in the leaf. The PEPC:Rubisco ratio was much lower in the husk 148 compared to the leaf in both SWC and B73 (Table 3) . 149
150

Gas exchange and carbon isotope discrimination 151
The CO 2 assimilation rate at ambient CO 2 partial pressure (pCO 2 ) in the husk was 15% of that in 152 the leaf on a leaf area basis in B73, and 30% in SWC (Fig. 4A , E, Table 2 ). On a chlorophyll basis, 153 rates of CO 2 fixation under high irradiance and pCO 2 did not differ greatly (Fig. 4B , D, F, Table 2 ). 154
Dark respiration rates (R d ) were lower in the husk than the leaf for both B73 and SWC, whereas 155 stomatal conductance (g) did not differ significantly between the leaf and husk (Table 2 ). CO 2 156 assimilation rate in response to increasing irradiance was substantially less in the husk than that of 157 the leaf in B73 on a leaf area basis and saturated at lower irradiance than CO 2 assimilation rate in 158 leaf (Fig. 4C) . 159
The response of CO 2 assimilation rate to increasing intercellular pCO 2 (C i ) in the leaves was that 160 typically observed for C 4 species, exhibiting a low compensation point and saturation of CO 2 161 assimilation rates below ambient pCO 2 . In contrast, the CO 2 response of the husk exhibited a high 162 CO 2 compensation point and non-saturating kinetics, even well above ambient pCO 2 (Fig.4 A, B , 163 E&F). Although the CO 2 compensation point was higher in the husk compared to the leaf for both 164 B73 and SWC it did not increase with increasing pO 2 as is commonly observed for C 3 species (Fig.  165 
5). 166
Carbon isotope discrimination (Δ defined as Δ = R air /R p -1 where R p is the ratio 13 C/ 12 C in the 167 photosynthetic product) measured in real-time concurrently with gas exchange on SWC, was 168 similar between the leaf and husk (Table 2, Fig. 6B ). However the intercellular to ambient CO 2 169 ratio (C i /C a ) in the husk was double that in the leaf over a range of C i 's (Fig. 6C) . When plotted 170 against C i /C a , ∆ measurements for both the leaf and husk formed discrete clusters lying around a 171 theoretical C 4 line estimating the relationship between ∆ and C i /C a using a leakiness (φ) of 0.25 172 and assuming saturating amounts of carbonic anhydrase such that the reversible conversion of CO 2 173 and HCO 3 -is at isotopic equilibrium (Cousins et al., 2006) (Fig. 7) . Carbon isotope discrimination 174 measured from dry matter (δ 13 C, relative to the standard V-Pee Dee Belemnite) was slightly more 175 negative (depleted in 13 C) in the husk compared to the leaf (Table 2) . 176
Discussion 178
Corn husk displays unusual gas exchange characteristics 180
Two of the photosynthetic organ types found in the C 4 monocot maize, the standard foliar leaf 181 (originating either from the stem or the terminal end of the husk) and the husk surrounding the ear, 182 have been previously thought to manage carbon assimilation in different ways with the suggestion 183 that in the husk, photosynthesis may have C 3 like characteristics (Langdale et al., 1988; Yakir et al., 184 1991; Hahnen et al., 2003) . Maize leaf is known to be C 4 with archetypal Kranz anatomy, 185 differentiation between cells with the complement of C 3 and C 4 enzymes and a typical C 4 186 photosynthetic rate at ambient CO 2 . Our physiological measurements confirm typical CO 2 187 response curves for these leaves (Fig. 4) . In contrast, the husk exhibits an unusual response of 188 CO 2 assimilation rate to CO 2 that does not saturate in the measured range of pCO 2 . This is unlike 189 the response of the leaves of C 4 species or responses commonly observed for leaves of C 3 species 190 which show marked change in the CO 2 response above ambient pCO 2 where CO 2 assimilation rate 191 becomes limited by the rate of RuBP regeneration (von Caemmerer and Farquhar, 1981) . 192 Together with the saturation of CO 2 assimilation rate at low irradiance this suggests that CO 2 193 assimilation rate in the husk could be severely limited by CO 2 diffusion from intercellular airspace 194 to the M cells. This conclusion is supported by the substantially lower values of M surface area 195 exposed to intercellular airspace (S m ) in husk compared to the leaf (see discussion below). 196
Insufficient carbonic anhydrase in M cytosol to facilitate the conversion of CO 2 to HCO 3 -for PEP 197 carboxylation could also contribute to the diffusion limited phenotype (von Caemmerer et al., 198 2004) . 199
200
Corn husks have high compensation points that lack oxygen sensitivity 201
The O 2 dependence of Γ is usually an excellent indicator of the nature of the photosynthetic 202 pathway of a plant and has frequently been used to distinguish between C 3 , C 3 -C 4 intermediate and 203
C 4 species (Holaday and Chollet, 1983; Ku et al., 1991; Furbank et al., 2009 ). The CO 2 204 compensation point, Γ, is consistently higher in C 3 compared to C 4 species at ambient pO 2 and is 205 linearly dependent on pO 2 due to increasing photorespiratory CO 2 release. In C 4 species, there is 206 no discernable oxygen dependence of Γ (von Caemmerer, 2000). C 3 -C 4 intermediate species 207
frequently display a nonlinear dependence of Γ on pO 2 with low Γ values at low pO 2 but marked 208 increases at higher pO 2 (Holaday and Chollet, 1983; Ku et al., 1991; von Caemmerer, 2000) . 209
Compensation points of the husk for both SWC and B73 were high at ambient pO 2 compared to 210 that for the leaves and this is most readily explained by the high ratios of respiration rate to CO 2 211 assimilation rate (Table 2 ). The fact that like leaves, the husk did not display an O 2 dependence of 212 Γ, suggests that the husk primarily fixes CO 2 via the C 4 photosynthetic pathway and that the high 213 level of Rubisco evident from immuno-labelling in distant M cells plays a minor role in husk 214 photosynthesis. However, if C 3 photosynthesis was operational in those cells at a low level (less 215 than 10%) it would generate only a small rise in Γ with pO 2 , which would be difficult to detect 216 experimentally (von Caemmerer, 2000) . 217
218
Carbon isotope discrimination of maize husk photosynthesis is C 4 like 219 Photosynthetic carbon isotope discrimination (∆) is determined by fractionation occurring during 220 CO 2 diffusion from the atmosphere to the site of CO 2 fixation and the discrimination factors 221 associated with the carboxylation steps. Carbon isotope discrimination is much larger in C 3 222 compared to C 4 species because of Rubisco's preference for 12 CO 2 . In C 4 species, both the lower 223 discrimination of the PEP carboxylation step and the fact that Rubisco's ability to discriminate 224 against 13 CO 2 is reduced by being compartmentalised in the gas tight BS, means that ∆ is much 225 less than in C 3 species (Farquhar et al., 1989) . Carbon isotope discrimination measurements made 226 on corn dry matter were consistent with measurements reported by Yakir et al (1991) indicating a 227 slight difference in discrimination between the leaf and husk. Dry matter carbon isotope 228 discrimination values are confounded by the fact that the source of the carbon is not necessarily 229 derived from local photosynthesis and post photosynthetic fractionation can also affect the values 230 (Yakir et al., 1991; Henderson et al., 1992; Badeck et al., 2005) . We therefore made ∆ 231 measurements in real time concurrently with measurements of CO 2 assimilation rates. Our 232 measurements showed that both the leaf and husk displayed C 4 like carbon isotope discrimination 233 which are similar to ∆ measurements made previously for C 4 monocot species, 3 to 4‰ 234 (Henderson et al., 1992; von Caemmerer et al., 2007) , and in contrast to typical C 3 species 235 measurements of ~ 20‰ (Evans et al., 1986; von Caemmerer and Evans, 1991) . 236
Equations predicting carbon isotope discrimination during C 3 or C 4 photosynthesis (Farquhar, 237 1983; Cousins et al., 2006; Tazoe et al., 2009) can be used to infer various parameters from the 238 average ∆ and C i /C a measured at ambient CO 2 (Table 2 ). In C 3 plants ∆ increases with an increase 239 in the C i /C a ratio while in C 4 plants the response depends on other factors. This includes the degree 240 of leakiness (φ, the ratio of the rate of CO 2 leakage from the BS to the rate of CO 2 supply to this 241 compartment). For example, with increasing C i /C a the modelled response for C 4 plants shows having greater leakage in the C 4 system, by an increase in the ratio of PEPC carboxylation to CO 2 245 hydrations due to lack of carbonic anhydrase, or by the occurrence of 5 to 10% of C 3 246 photosynthesis depending on assumptions made for CO 2 diffusion conductance in the M. The 247 results with isotope discrimination do not support a significant contribution by C 3 photosynthesis 248 in the husk, although it is not possible to come up with an estimate of any C 3 contribution due to 249 the above uncertainties. However, we made measurements at several ambient CO 2 concentrations, 250 which we hypothesised might bring about different ratios of C 3 to C 4 photosynthesis. Since we 251 observed no discernable difference in measured ∆ values (Fig. 6) which is 3.5 times higher than in the leaves, lies between the numbers characteristic of C 4 NADP-261 ME and C 3 species (Hattersley, 1984) . Light microscopy of the husk showed chloroplasts are 262 more concentrated in chlorenchyma cells around the vascular bundle than in the distant M cells. 263
Moreover, the density of chloroplasts in the layer of BS and adjacent M cell in the husk is only 264 about 30 to 40% of that in the leaf, indicating less development of Kranz type anatomy around the 265 veins of the husk (Fig. S1) . 266 267 Most notably, the husk has a significantly lower vein density than the leaves, observed previously 268
by Langdale et al (1988) and others, which was quantified in this study as 4.5 fold higher than the 269 husk. This distance was bridged by M cells roughly 10-fold bigger than those found between VB 270 in leaves. In C 4 species having Kranz anatomy around individual veins, a small physical distance 271 between veins is often thought of as a necessity for C 4 function due to the need for C 4 acids to 272 move from M to BS cells. Analysis of 119 grasses (Hattersley and Watson, 1975) suggested that in 273 C 4 monocot species no M cell is separated from the nearest BS cell by more than one other M cell 274 (the maximum cell distant count). Yet recent work has shown that in the C 4 dicot F. bidentis this 275 variable is surprisingly plastic (Araus et al., 1991; Sage and McKown, 2006; Pengelly et al., 2010) . 276
The M conductance to CO 2 diffusion from the intercellular airspace to the M cytosol (g m ) has been 277 suggested in C 4 plants to correlate with the M surface area exposed to intercellular airspace (S m ). 278
The fact that S m is significantly less in the husk compared to the leaf suggests a low conductance 279 to CO 2 diffusion from intercellular airspace to M cells. Since the measurements of S m includeddistal M cells which lack PEPC (Table 2) the actual conductance is likely to be even less, 281 supporting the conclusions reached from gas exchange measurements that in the husk, 282 photosynthesis is diffusion limited. In C 4 plants the BS conductance to CO 2 diffusion can be by the presence of GDC suggesting that these M cells could perhaps operate C 3 photosynthesis. 301
However the lack of an O 2 dependence of Γ and the low carbon isotope discrimination argue 302 against substantial CO 2 fixation occurring via the C 3 photosynthetic pathway in these cells. The 303 expression of Rubisco and lack of PEPC expression in these distant husk M cells is puzzling, but 304 there are examples of similar phenotypes in the C 4 like species such as Flaveria brownii (Bauwe, 305 1984; Reed and Chollet, 1985; Cheng et al., 1988) . F. brownii, had originally been considered a 306 typical C 4 species based on anatomical, physiological and biochemical criteria. It exhibits low Γ 307 values that lack O 2 sensitivity and has C 4 like carbon isotope values (Holaday et al., 1984; Monson 308 et al., 1987; Monson et al., 1988) . However, immunolocalisation studies have shown the presence 309 of Rubisco in M as well as BS cells (Bauwe, 1984; Reed and Chollet, 1985) . Furthermore, activity 310 of Rubisco and of a number of other Calvin cycle enzymes was detected in isolated M protoplasts 311 (Cheng et al., 1988) . It is not clear whether a complete complement of Calvin cycle enzymes is 312 expressed in distal M cells in maize husk and this deserves further investigation. 313
Our observations and measurements have shown that in maize the outer husk surrounding the ear 316 operates a C 4 like photosynthetic pathway. Both the carbon isotope analysis and lack of oxygen 317 sensitivity in the compensation point show that the majority of Rubisco actively participating in 318 CO 2 assimilation is that compartmentalised within the chloroplasts of BS cells which is supported 319 by the C 4 cycle via PEPC in the adjacent M. In C 4 species having Kranz anatomy around 320 individual veins high vein density is seen as a requirement for active C 4 photosynthesis. Maize 321 husk operates C 4 photosynthesis, but as it is dispersed around widely spaced veins, photosynthesis 322 is diffusion-limited in part due low M surface area exposed to intercellular air space. The role of 323 Rubisco in distant M cells in husk photosynthesis remains unresolved. We suggest that 324 transcriptome analysis in distal M cells may help establish whether all enzymes required for C 3 325 photosynthesis are expressed in this cell type. Understanding husk photosynthesis in Zea mays, a 326 species where the genome has been sequenced, may provide another route to understanding the 327 path from C 3 to C 4 photosynthesis. Our study has also highlighted the need for a multi-328 disciplinary approach in correctly labelling the photosynthetic pathway of a plant as neither 329 physiological, biochemical or anatomical measurements alone are enough. 330
Materials and Methods 332
Growth Conditions and sampling of maize photosynthetic organs 334
Two varieties of Zea mays (corn/maize), B73 and Sweet corn, Kelvedon Glory, F1 (SWC) were 335 grown during the summer months in a glasshouse under natural light conditions (28°C day and 336 18°C night temperatures). Plants were grown in 30 litre pots in a garden soil mix with fertilizer 337 (Osmocote, Scotts Australia Pty Ltd., NSW, Australia) and watered daily. Experiments and 338 sampling were done on both the husk and leaf tissues. Here, 'husk' refers to the outer layer of 339 thick ribbed sheath surrounding the ear, 'leaf' refers to a standard leaf originating at the stem in 340 B73, and a leaf protruding from the husk in SWC. 341 342
Gas exchange measurements 343
Gas exchange measurements were made with a 6 cm 2 leaf chamber of the LI-6400 with a red-blue 344 LED light source (Li-Cor, Lincoln, NE, USA) either in the glasshouse or the laboratory. 345
In the glasshouse, leaves were first equilibrated for 30 minutes at an ambient CO 2 of 400 346 μmol/mol, 1500 μmol quanta m -2 s -1 irradiance and a leaf temperature of 28°C before 347 measurements were taken. To measure the CO 2 response, CO 2 concentrations were changed every 348 two minutes ranging: 0, 30, 50, 75, 100, 150, 200, 300, 400, 500, 600, 800, 1200 μmol/mol in the 349 reference cell of the LI-6400. Following this, leaves were acclimated at 400 μmol/mol for 30 350 minutes and then irradiance was reduced in steps at 2 minute intervals. 351
In the laboratory, measurements of CO 2 response were made as described above but at 25°C. 
Measurements of carbon isotope discrimination and gas exchange 359
Dry matter carbon isotope discrimination measurements were made as previously reported 360 (Pengelly et al., 2010) . For online measurements, two LI-6400 systems were coupled to a tuneable 361 diode laser (TDL, model TGA100, Campbell Scientific, Inc., Logan, UT, USA) for concurrent 362 measurements of carbon isotope discrimination and gas exchange (Bowling et al., 2003; Griffis et 363 al., 2004; Tazoe et al., 2011) . Input gases (N 2 and O 2 ) were mixed using mass flow controllers 364 (OMEGA Engineering, Inc., Stamford, CT, USA) and measurements were first made at 2% O 2 and 365 at reference CO 2 of 400 μmol/mol, 1500 μmol quanta m -2 s -1 and leaf temperature of 25 o C for 30 366 min. Then reference CO 2 was changed step wise to 1000, 700, 500, 400, 300, 200, 100 μmol/mol 367 and measurements were made for 30 min at each CO 2 concentration. 368
Following gas exchange measurements 0.5 cm 2 discs were removed from tested leaves and husks 369 and snap frozen in liquid nitrogen and stored at -80 °C for later measurement of photosynthetic 370 enzyme activities and chlorophyll content. 371 372
Measurement of Rubisco and PEPC activity, and chlorophyll content 373
Activity of the photosynthetic enzymes Rubisco and phosphoenolpyruvate carboxylase (PEPC) 374 were measured as previously described (Cousins et al., 2007; Pengelly et al., 2010) . 375
Chlorophyll was extracted from frozen leaf or husk disks in a Tissuelyser II ball mill (Retsch, 376 Haan, Germany) with 80% acetone. Chlorophyll a and b content were spectrophotometrically 377 quantified (Porra et al., 1989) . 
Leaf vein density analysis 389
Vein density was measured on leaf and husk sections taken from 3 individual plants. Leaves were 390 initially cleared by immersion in a 95% ethanol, 5% NaOH solution for 4 days and re-hydrated in 391 water for 1 hour. Sections were cut from areas used for gas exchange measurements avoiding 392 major veins. Digital images were taken at 50× magnification. Vein density was determined from 393 each image by measuring total length of veins within a 2 cm 2 quadrant using ImageJ quantification 394 software. The ratio of intercellular to ambient CO 2 , C i /C a , is also shown (C). Different symbols denote replicate leaf and husk samples. Measurements were made at 1500 µmol quanta m -2 s -1 and a leaf temperature of 28° C. Measurements were made at 1500 µmol quanta m -2 s -1 and a leaf temperature of 28° C. 
